The objective of this work is to evaluate the effective removal of mud cake formed by drilling fluid for microemulsion-based flushing fluid. The microemulsions were prepared with vegetable castor oil, 2%wt KCl as aqueous phase, and nonionic surfactant (Ultranex NP40). Thermal stability, rheological, removal, and wettability inversion were performed to evaluate the performance of the microemulsion-based flushing fluid. Rheological tests showed that microemulsions behaved like Newtonian fluids. The best formulation of flushing fluid was 70% surfactant/25% oil phase/5% aqueous phase, with cloudy temperature at 365.25 K, removal efficiency of mud cake of 84.85 %, and high capability of wettability inversion.
INTRODUCTION
Oil well drilling is carried out through the drill bit that traverses geological formations looking for hydrocarbons. The rock fragments are removed by the injection of a drilling fluid through the space formed between the column and the wall of the well (annulus) (Agarwal et al., 2013) . During the process, the direct contact of the fluid with the rock formation produces a low permeability film called mud cake (Ba geri et al., 2017) .
After the drilling operation is completed, the space between the well and the casing tube is cemented. The drilling fluid and mud cake must be removed completely to achieve a safe cementation operation. Complementary fluids, called flushing fluids, have primordial role in this case, being injected to assist in the cleaning of the well wall, and to invert the wettability (Quintero et al., 2007; Quintero et al., 2015; Wang et al., 2016) .
The flushing fluid should be carefully developed to avoid interaction with the drilling fluids and the cement, allowing the efficient removal of the mud cake formed and recovering the water-wet condition to improve the adhesion of the cement to both formation and coating. Ideally, flushing fluids should exhibit Newtonian fluid behavior for the variation of the temperature along the well. To achieve this goal, more efficient and economically viable flushing fluids are needed (Brandl et al., 2013) .
Microemulsions are composed of two immiscible liquids and a surfactant (nonionic). In some cases, when the surfactant is ionic, a cosurfactant needs to be used to reduce electrostatic repulsion. The surfactant assists in promoting the solubilization of these immiscible liquids, making their molecules more stable inside the micelles than in their original phase. Thus, one immiscible liquid can be spontaneously dispersed in the other liquid, making the microemulsion a thermodynamically stable system (Winsor, 1968) .
This work proposes the development of environmentally-friendly microemulsions, formulated with biodegradable vegetable oil (castor oil), biodegradable nonionic surfactant (Ultranex NP40), and KCl 2%wt aqueous phase. These microemulsions are to be used as potential flushing fluids to remove the mud cake formed by the drilling fluid for safe cementation operation. This process evaluates its thermal stability, rheological behavior, removal efficiency of mud cake, and its capability to obtain wettability inversion.
MATERIALS AND METHODS

Ternary phase diagram
Ternary phase diagram was developed to determine the microemulsion region by Winsor classification (Winsor, 1968) . To build the ternary diagram, a mixture of two constituents (mass fraction) was used and titrated with the third one to observe possible phase changes. In a ternary phase diagram, the compositions may be represented by triangular coordinates, being important to determine the zones of solubility of the blend, using the specific proportions of the components.
For the construction of the phase diagram, the masses of the aqueous and oily phases were measured, according to the chosen calculation basis. Then, the nonionic surfactant was added until the emulsion zone disappeared and the microemulsion formed (one phase). The mixture was stirred with help of the vortex for maximum homogenization and, when necessary, centrifuged.
A flushing fluid consists basically of oil and water and may contain surfactants. In the cementing operation, only the flushing fluid shows Newtonian behavior. All other fluids, such as drilling fluids and cement, exhibit non-Newtonian behavior, that is, their viscosities vary according to the shear rate (Wang et al., 2016).
The flushing fluid (microemulsion) was formulated basically of vegetable oil (castor oil), aqueous phase (2% KCl weight), and nonionic surfactant (Ultranex NP 40 by Oxiteno, Brazil). In a suitable beaker, the components were mixed in the chosen fractions within the microemulsion region, obtaining the flushing fluid.
Ultranex NP 40, the nonionic surfactant, was obtained by reaction of nonylphenol with ethylene oxide (4 EO) liquid at 298.15 K, pH between 5.5 and 7.0, cloudy point of 309.15 K -319.15 K (Technical Bulletin by Oxiteno). Castor oil, which is extracted from seeds of Ricinus communis, differs from other vegetable oils in that it is rich in a unique carboxylate, ricinoleate ( 
Thermal stability
The microemulsion was placed in a suitable vessel under heating (temperature control) and was stirred constantly (with a magnetic stirrer), at a rate of about 1 K/60 s. The temperature of the system was visually monitored and quantified when the system was totally cloudy. The thermal stability test aimed to evaluate the performance of the flushing fluid in the drilling process due to the temperature gradient along the oil wells.
Rheology test
For the rheological study of the flushing fluid, tests were performed using the Brookfield LV DVIII Ultra Rheometer with CPE52 spindle. The rheometer was linked to a thermostatic bath and to a computer which enables the viscosity of the microemulsions to be measured in the range of 303.15 K to 333.15 K, varying every 10 K, with accuracy of 1 K, providing viscosity values, shear stress, and shear rate. The measurements were made automatically at each temperature, varying only the speed of rotation, in the rotation range of 1 to 90 rpm.
Removal test
This test simulated the removal of the drilling fluid from the borehole's wall using a microemulsion-based flushing fluid. Initially, we prepared 2.5 x 10 -4 m³ of the microemulsion, heated it under agitation up to 361.15 K. Simultaneously, the non-aqueous drilling fluid was homogenized with a Hamilton-Beach agitator for 1800 seconds. After agitating, about 0.04 x 10 -4 m³ of the drilling fluid was poured into a beaker to completely cover the visualizing frame ( Figure 1) to form a uniform filter cake film. Subsequently, the microemulsion was carefully poured into the beaker in the opposite side of the visualizing frame to maintain it intact. This procedure was done in accordance to API RP 10B-2 (API, 2013) standards.
The beaker was placed on the Fann 35 viscometer and, simultaneously, the chronometer was started. The removal test lasted a maximum time of 600 seconds, being the chronometer stopped before the end time when the visualizing frame was completely clean (Campos, 2014) . Finally, the percentage of clean area in relation to the total area of the visualizing frame was calculated, obtaining, therefore, the efficiency of the cleanup fluid, according to the equations 1 and 2, namely, the cleaning efficiency of the flushing fluid.
Removed area = (number of squares removed) x 0.0001 m 2 (1) Removal efficiency = (removed area / 0.0066 m 2 ) x 100%
(2)
Wettability inversion test
Synthetic oil-based drilling fluids can be altered by the continuous addition of water-based fluids containing surfactants (flushing fluids) under dynamic conditions. The magnitude of these changes can be observed by using specific techniques, such as microscopy or electrical conductivity measurements (Quintero et al., 2015) . The brine-in-oil (W/O) microemulsion has nearzero conductivity, whereas oil-in-brine (O/W) microemulsion has high conductivity, like the aqueous phase.
Phase inversion may occur gradually or suddenly with change of composition depending on the correct formulation of the surfactant mixture used in flushing fluids. At the phase inversion point, the fluid system undergoes its lowest interfacial tension. Under these conditions, spontaneous microemulsification occurs between the oil and water phases of the system.
In preparation for the wettability inversion test, oil-based drilling fluids were initially placed at an atmospheric consistometer Chandler Model 1200 (Figure 2a ) to be warmed up to the testing temperature at 361.15 K. Afterwards, they were carried to the wettability tester Chandler Model 3065 (Figure 2b) , where the phase inversion point was measured by electrical conductivity. This procedure was done in according API RP 10B-2, (2013) standards. In Figure 3 , microemulsion regions (Winsor IV) were identified in the diagram, which was the interesting region to continue the tests. Four points were chosen within the microemulsion region to perform the subsequent tests.
RESULTS AND DISCUSSION
Analysis of the behavior of the nonionic surfactant
Thermal stability test
Initially, the thermal stability tests were evaluated by the turbidity temperature of the system.
The thermal stability of the microemulsions is shown in Table 1 . All experiments were done in duplicate and did not present a considerable variation in the obtained values.
According to the results shown in Table 1 , the turbidity temperature of the microemulsion systems studied increases as the amount of oil decreases. As the temperature of microemulsion system increases, there is a higher affinity of the oil for nonionic surfactant (Hydrophilic Lipophilic Balance -HLB 8.9) and lower affinity of the water to nonionic surfactant, so microemulsion systems 3 and 4 (Table 1) have enough oil and surfactant to maintain stability of W/O microemulsions at higher temperatures. Thus, as they the oil content increases in comparison to surfactant, the temperature decreases, because the surfactant solubilization in the oil is not favored and the ability to stabilize the water in the microemulsion decreases.
According to the thermal stability test (Table 1) , knowing that average temperature of the oil wells is around 328.15 K ± 0.5 K, in this scenario (in Brazil), all the four microemulsion systems evaluated presented good results, but the microemulsion systems 3 and 4 obtained the best results, 354.55 K ± 0.5 K and 365.15 K ± 0.5 K, respectively. Based on these results, flushing fluids 3 and 4 were selected for rheological, removal, and wettability inversion tests.
Rheology test
The rheological tests were performed for microemulsion systems 3 and 4. The behavior of the shear stress in relation to shear rate is shown in Figures 4 and 5.
From rheological tests (Figures 4 and 5) , it was possible to observe that the microemulsion systems analyzed presented a shear stress directly proportional to the shear rate, at all the temperatures (303.15 K to 333.15 K), being characterized as Newtonian fluids.
Newtonian fluids are most suitable for use as flushing fluid because the viscosity remains constant, and this feature is desired for the best removal of the mud cake (Ba geri et al., 2017;  Wang et al., 2016) , due to temperature and pressure variations that may occur in oil well. In addition, the experimental results showed a higher viscosity for microemulsion 3, which corresponds to the greater proportion of oil phase (castor oil), when compared to the other microemulsion system analyzed (Grace et al., 2017) .
Removal test
Removal tests verify the efficiency of the flushing fluid formulated, by looking at the removal time of a film of the drilling fluid. The removal test was performed for flushing fluids 3 and 4 ( Figure  6 ). All the experiments were done in duplicate and did not present a considerable variation in the obtained values. Figure 6a shows the thin layer of drilling mud, which must be removed by microemulsion-based flushing fluids. The removal of this layer (clean area) by flushing fluid 3 is shown in Figure 6b and by flushing fluid 4 in Figure 6c . By equations 1 and 2, the percentage of removal was calculated indicating 75.75±0.2 % and 84.85±0.2 % of removal efficiency for flushing fluids 3 and 4, respectively. These results were obtained for test time of 510 and 540 seconds for flushing fluids 3 and 4, respectively. The best result was observed for flushing fluid 4, because the nonionic surfactant has a low HLB (8.9), being hydrophobic, removing more as surfactant amount increases in the microemulsion.
Wettability inversion test
The wettability inversion test of a flushing fluid is obtained by analyzing the variation of electrical conductivity. The test takes place by titrating the The apparent wettability was obtained from the microemulsion to drilling fluid volume ratio used in the test. The results obtained were:  Flushing fluid 3 diluted: for 1:1 and 1:10 ratio, the total inversion was reached after adding 0.18 x 10 -4 m³ and 0.23 x 10 -4 m³ of microemulsion, respectively, in 2.0 x 10 -4 m³ of drilling fluid, thus, resulting in an apparent wettability ranged of 9 % to 11.5%;
 Flushing fluid 4 diluted: for 1:1 and 1:10 ratio, the total inversion was reached after adding 0.16 x 10 -4 m³ and 0.21 x 10 -4 m³ of microemulsion, respectively, presenting apparent wettability that ranged from 8 % to 10.5%.
CONCLUSIONS
In this work, we developed formulations of microemulsions composed of vegetable oil and non-ionic surfactant to verify their potential as flushing fluid for future application in the oil industry through thermal, rheological stability, and removal tests.
Based on the results presented above, it is possible to conclude that the formulation with the greatest potential to act as flushing fluid was flushing fluid 4, because it had a cloudy temperature (365.25 K ± 0.5K) which was above the average temperature of the wells (328.15 K ± 0.5K), showing a high resistance of the microemulsion at high temperatures. It presented the Newtonian fluid behavior, thus, it was possible to predict the rheological behavior along the well. From removal test, flushing fluid 4 also obtained better results compared to flushing fluid 3, with percentages of clean area of 84.85 ± 0.2 % and 75.75 ± 0.2 %, respectively. However, both obtained high wettability inversion capacity.
Nevertheless, the microemulsified system formulated presented the characteristics required to act as a flushing fluid in cementation operations, being ecologically friendly (biodegradable). 
